We present a computational study of the magnetization dynamics of a tri-layer exchange spring system in the form of a cylindrical nano-pillar, in the presence of an electric current. A three dimensional micromagnetic model is used, where the interaction between the current and the local magnetization is taken into account following a recent model by Zhang and Li. We obtain a stationary rotation of the magnetization of the system around its axis, accompanied by a compression of the artificial domain wall in the direction of the electron flow.
INTRODUCTION
The effects of spin-polarized currents on the magnetization of a ferromagnet have received considerable interest in recent times [1] [2] [3] , after being proposed and studied in earlier works [4] . Spin-polarized currents may be used to generate microwave oscillations in the magnetization of a ferromagnet [5] or to switch the magnetization of a memory element [6] . The limit to these applications is currently found in the magnitude of the current density required to obtain significant effects, which is of the order of 10 10 -10 12 A/m 2 . Consequently, there is a strong interest in finding novel devices where spin-torque effects are enhanced and require lower current density. The recent discovery of significant GMR in exchange spring multilayers [7] , suggests that spin-transfer-torque may play a role in these systems. A further reason, which makes exchange spring systems attractive, is the possibility of creating "artificial" domain walls. Their length and shape -whose importance has been recently emphasized [8] -can be controlled, first during the engineering phase, then by applying a suitable magnetic field [7] .
THE SYSTEM
Consider a system whose ground state energy is degenerate: it has infinitely many different equilibrium configurations, which all have the same minimal energy and form a continuous curve in the phase space. This system can be "dragged" through this curve, changing its configuration from one equilibrium state to another and this can be achieved "easily", because there is no energy barrier between them. In such a system, an electric current may find a very favorable situation to fully manifest its effects.
The idea is very simple, but can serve as a guideline to develop micromagnetic systems where spin-transfertorque effects are maximized. In this paper we discuss a possible example of such a system. We study a tri- layer exchange spring system in the form of a cylindrical nano-pillar, where a central magnetically soft layer is sandwiched between two magnetically hard layers, as shown in Fig. 1 . The system materials are chosen in the following way: YFe 2 for the soft layer and DyFe 2 for the two hard layers. This choice allows us to study the system with a model similar to the one used in our previous work [9] . Regarding the geometry, the diameter of the cylindrical nano-pillar is 10 nm, while the thicknesses of the hard and soft layers are 5 and 40 nm, respectively. Yttrium has negligible magnetic moment and only two species of atoms contribute to the magnetization of the system: the first one, iron (Fe), is present in all the three layers, the second one, dysprosium (Dy), is present only in the two hard layers. Neighboring iron moments are exchange coupled, throughout all the hard and soft layers and across the hard-soft interfaces. This coupling favors the alignment of the magnetization of iron throughout the entire nano-pillar. This alignment is however broken, because the magnetization of iron in the two hard layers is pinned along opposite directions, as shown in Fig. 1 . The pinning of the iron moments is the result of the joint actions of two strong interactions: the cubic anisotropy of DyFe 2 , which pins the dysprosium moments along an easy axis direction, and the anti-ferromagnetic coupling Dy-Fe which transmits this pinning to the iron moments of the hard layers.
Among all the interactions which we take into account, the cubic anisotropy of DyFe 2 is the only one which is not symmetric under rotations around the axis of the nanopillar. However in the case we are considering, where there is no applied field and the soft layer is relatively thick, the dysprosium moments keep their direction well aligned with the one they initially have and the degeneracy of the ground state is well preserved, as we will see from the results of the computer simulations. This means that configurations which differ by a rotation around the x axis have almost the same energy. Then if the applied current wants to rotate the whole magnetization around the x axis, nothing will oppose to its action.
THE MODEL
Since the density of iron atoms and their position in the lattice structure is the same for DyFe 2 and YFe 2 (they both crystallize in laves phase structures), we use a single magnetization vector M Fe to describe the magnetic configuration of iron in all the three layers. The configuration of dysprosium is modeled by another magnetization field M Dy which is defined over the hard layers only. The model is similar to the one-dimensional model used in [9] , extended to three dimensions (the stray field is calculated using the hybrid FEM/BEM method [10, 11] ). We also consider the same temperature (100 K) and the same material parameters: the moment densities of iron (in both The effects of the electric current are modelled using the Zhang-Li correction to the Landau-Lifshitz-Gilbert equation [12] . We assume that only the iron moments interact with the spin of the conduction electrons: the magnetic electrons in the 4f orbitals of dysprosium are strongly localized at the ion core and their interaction with the conduction electrons should be negligible. In the simulation the damping parameter is chosen to be α = 0.02; the current density is assumed to be fully polarized (P = 1) and ξ, the ratio between the exchange relaxation time and the spin-flip relaxation time, is taken to be ξ = 0.01. The Oersted field and the effects of Joule heating are ignored in the present study.
RESULTS
The simulations are performed by Nmag [13] , a FEMbased (Finite Element Method) micromagnetic simulation package. The cylindrical nano-pillar is modelled by a three-dimensional unstructured mesh and first order FEM is used to discretize the space. In this case FEM is preferable with respect to finite differences, because it allows a better representation of the cylindrical geometry. Finite differences would introduce artifacts in the discretization of the rounded surface of the nano-pillar.
The initial magnetizations M Fe and M Dy are obtained by letting the system relax to one of its degenerate equilibrium configurations. The system then evolves from this configuration (t = 0) up to t = 10.5 ns. The dynamics of M Fe , the iron magnetization averaged over all the nano-pillar, is studied in Fig. 2 . For simplicity we identify four points on the time axis: A at 0 ns, B at 3.5 ns, C at 7 ns and D at 10.5 ns. The time axis is then subdivided into three regions AB, BC and CD. The applied current density j is uniform and constant in each of these three time intervals. In particular it is directed along the axis of the cylinder: j = j x, with j = 10 11 A/m 2 in AB, j = 0 in BC and j = −10 11 A/m 2 in CD. We remind the reader that the applied field is always zero, throughout all the simulation.
The graph in Fig. 2 shows the behavior of the components of M Fe : in region AB the current produces a precession of the whole magnetization of the system around the x axis. This precession is accompanied by a movement -and consequent compression -of the artificial domain wall in the direction of the electron flow (negative x direction), which reflects in an increase of the x component of M Fe . Such an effect may be explained with a current-induced motion of the artificial domain wall. Current-induced motion is a well known effect for domain walls in nano-wires: it has been observed experimentally and has been proved analytically [14] [15] [16] .
In the time interval AB the current pumps energy into the system, which is stored in the compression of the domain-wall. In the time interval BC the current is switched off and this energy is gradually released: the domain-wall decompresses, restoring the configuration it had at time t = 0. Finally, during the time interval CD the system behaves in a way which is symmetrical to the one observed in AB: M Fe,x rotates in the opposite direction and the wall is compressed in the positive x direction, leading to negative values for M Fe,x . Expressing M Fe in spherical coordinates with x chosen as the polar axis, we obtained the precession angle φ(t) of M Fe around the x axis as a function of time t. We computed the time derivative ω(t) = φ (t) to obtain the precession frequency as a function of time. The result is shown in Fig. 3 . The sign of ω(t) depends on the sense of rotation around the x axis. This graph shows that the applied current j = ±10 11 A/m 2 , produces a precession motion with frequency around 14 GHz, in the microwave frequency range. The frequency seems to be related to the compression of the domain wall: it increases rapidly when M Fe,x increases and stabilizes when also M Fe,x does.
The accuracy of the discretization of space has been verified by increasing the number of mesh elements (from 4129 to 19251), obtaining differences in the precession frequency at 3.5 ns lower than 1.2 %.
DISCUSSION
The model we presented does not take into account a number of effects which complicate the physics of real systems. The imperfections of the geometry and the impurities in the materials can break the cylindrical symmetry. The effect of such imperfections is difficult to predict.
The size of the sample was chosen to speed up the simulation. However we expect a similar precessional dynamics in nano-pillars with greater radii. Also the materials could have been chosen differently and the DyFe 2 anisotropy could have been well approximated by an infinite pinning on the iron moments, resulting in a simplification of the model. However this approximation would have removed the only source of symmetry breaking, besides the irregularity of the unstructured mesh.
Other simulations should be carried out to understand how the precession frequency depends on the current density and what the role of the system geometry is.
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